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Rationalizing right-handed neutrinos 
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A simple argument based on an SU(3) gauged horizontal symmetry is presented that connects the 
explanation for three generations of matter with the existence of a triplet of right-handed neutrinos. 
This rationale for right-handed neutrinos is analogous to, but completely independent of, grand 
unification or extra universal dimensions. A brief discussion of the supersymmetrized SU(3) model 
is also given, pointing out that certain problems in ordinary supersymmetric models such as fast 
proton decay via dimension-5 Planck-suppressed operators can be naturally solved. 
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One of the most remarkable features of the Standard 
Model (SM) is that matter fermions are chiral and yet 
all gauge 0, 0] and gravitational 0] anomalies vanish for 
each generation. A known but not often emphasized fact 
about the matter content is that, given one generation 
with unfixed hypercharges, anomaly cancellation deter- 
mines the relative hypercharge assignment to be precisely 
what has been established by experiment 0. In other 
words, electric charge quantization is essentially auto- 
matic without grand unification. This fact, taken at face 
value, is circumstantial evidence against the existence of 
right-handed neutrinos. By definition a candidate for a 
right-handed neutrino is any fermion that is uncharged 
under all of the SM gauge symmetries. Yet, gauge sym- 
metries are precisely the reason that each type of matter 
(Q, u, d, L, e) is tied with the other matter fields to- 
gether in a self-consistent, exclusive fashion. In addition, 
non-chiral matter allows a new mass scale unconnected 
to electroweak symmetry breaking that only further com- 
plicates our understanding of mass generation and mass 
hierarchies. Extensions of the SM with non-chiral matter, 
such as adding right-handed neutrinos, therefore appear 
to be contrary to all of the guiding wisdom gleaned from 
experiment, at least until recently. (Those who are still 
in doubt need only observe the agony that the /i problem 
causes avatars of supersymmetry.) 

Neutrino experiments 0,0,0; however, have firmly es- 
tablished that the neutrinos oscillate between each gen- 
eration and thus they have mass. The largest mass of 
any one neutrino is constrained to be less than about 2 
eV H, and more likely their mass is one to a few or- 
ders of magnitude below this, depending on the gener- 
ation. The mechanism of mass generation for neutrinos 
remains a mystery. If neutrinos acquire mass analogously 
to the SM matter fermions, preserving lepton number, 
then the particle content must be extended with at least 
two right-handed neutrinos V\,i- Ordinary Yukawa terms 
C = \ v LHv c with tiny couplings \ v < 10~ 12 suffice to 
explain the two undisputed mass differences found in neu- 
trino oscillation experiments. 

But, the global symmetry behind lepton number con- 
servation is not expected to be exact. At dimension-5, the 
operator HLHL/M violates lepton number by two units 



and leads to a tiny Majorana mass v 2 /M for left-handed 
neutrinos. This transmutes the neutrino mass hierarchy 
problem from explaining A„ < 10 -12 to instead explain- 
ing v/M < I0~ 12 . To embrace the dimension-5 neutrino 
mass explanation means the SM effective theory breaks 
down at M < 10 14 GeV. This is somewhat disconcerting 
since there are dimension-6 operators that violate lepton 
and baryon number, leading to a proton decay rate that 
is excluded by experiment unless M > 10 16 GeV. Hence, 
while lepton number must be be violated at M to explain 
neutrino masses, baryon number must be preserved to 
keep the proton stable. The simplest phenomenological 
explanation for lepton number violation without baryon 
number violation at the cutoff scale M is to add right- 
handed neutrinos to the SM with ordinary Yukawa cou- 
plings, plus a heavy Majorana mass term C = Mv c v for 
the right-handed neutrinos. The resulting combination 
of a Dirac mass and a heavy Majorana mass leads to the 
famous "see-saw" neutrino mass matrix Ifl 



X u v 
\ v v M 



(1) 



Diagonalizing this mass matrix, or equivalently integrat- 
ing out the right-handed neutrino gives back the SM 
plus the dimension-5 operator HLHL/M with a well- 
defined coefficient, A 2 , and thus predicted neutrino mass, 
A 2 u 2 /Af. A right-handed neutrino with Majorana mass 
M therefore provides an ultraviolet completion of the ef- 
fective theory beyond the cutoff M , explaining why only 
lepton number was violated at M. 

The difficulty with such neutrino mass generation 
mechanisms is that they do not really solve the neutrino 
mass hierarchy problem, and worse still, require precisely 
those odd-ball fields - right-handed neutrinos - that are 
unconnected to SM matter through gauge anomalies. 
Furthermore, the see-saw explanation requires a new Ma- 
jorana mass scale unconnected with electroweak symme- 
try breaking. These facts would ordinarily be highly dis- 
tressing except for a remarkable coincidence: the scale 
M ~ 10 14 GeV is tantalizingly close to where the SM 
gauge couplings come to an approximate intersection. 
Such an intersection is predicted by grand unified the- 
ories (GUTs), providing justification for the new scale. 
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Furthermore, in an SO(10) GUT each right-handed neu- 
trino is elegantly fused with each generation of SM mat- 
ter into a single 16 representation ^(j- This is really 
just an artifact of unifying into a GUT group with rank 
greater than that of the SM, since candidates for right- 
handed neutrinos in GUTs are those fields uncharged 
under the SM symmetries but charged under some ad- 
ditional gauge symmetry [for SO(10) this is the extra 
U(l) under the decomposition SO(10) SU(5) x U(l)]. 
Rank > 4 GUTs therefore provide a rationale for n = 
mod 3 right-handed neutrinos whenever each generation 
is unified into a single representation of the group. 

Unfortunately, grand unification has many well-known 
problems of implementation. Non-supersymmetric grand 
unification proposals suffer from the hierarchy problem 
as well as a rather inexact unification of gauge couplings. 
Both non-supersymmetric and supersymmetric unifica- 
tion models predict proton decay at a rate that has been 
experimentally ruled out in the simplest models. Also, 
several theoretical problems pervade unification ranging 
from understanding how the Higgs is embedded into a 
GUT representation (the doublet-triplet splitting prob- 
lem), how (or if) Yukawa couplings are unified, etc. Such 
experimental and theoretical problems ought to induce 
us to reconsider GUTs as the origin of right-handed neu- 
trinos and the Major ana mass scale. Is there any ra- 
tionale independent of unification that predicts right- 
handed neutrinos as well as the Majorana mass scale? 

Suppose the explanation for the number of generations 
is that each field's three generations (Qi,2,3, «i,2,3, etc.) 
correspond to three components of a multiplet of a "hor- 
izontal" flavor symmetry. There are only two continuous 
symmetries that are suitable for this purpose possessing a 
3 representation: SU(3) H3 and SU(2) - SO(3) [H,El 
SU(2) can be summarily dismissed if right-handed neu- 
trinos are required to be in a chiral representation of the 
new symmetry. It has already been emphasized that non- 
chiral fermions, and right-handed neutrinos in particular, 
seem to have no (aesthetic) place in the SM if anomaly 
cancellation is to connect all matter together. There is no 
hope with SU(2) since it is anomaly-free. SU(2) also does 
not predict the number of generations since representa- 
tions of any dimension are possible Q. Instead, SU(3) 
admits chiral fermions with only certain dimensionality 
- there can be three but not two, four, five, seven, etc. 
generations. Moreover, SU(3) provides two additional 
key ingredients: (1) there is an additional anomaly can- 
cellation condition on the matter content if SU(3) is at 
least weakly gauged, and (2) all fermion masses, includ- 
ing right-handed neutrino masses, arise from spontaneous 
symmetry breaking. Before proceeding, note that the 
connection between SU(3) anomaly cancellation and the 
existence of right-handed neutrinos was made some time 
ago in 11]. In this paper the argument in presented in 
detail, contrasting with grand unification and universal 
extra dimensions, and then implications for a supersym- 



metrized version are briefly discussed. 

Gauging a new symmetry in which SM fermions trans- 
form is non-trivial and requires the cancellation of all 
gauge anomalies associated with the new symmetry. 
There are potentially eight new gauge anomalies as- 
sociated with SU(3)/: [SU(3)/] 3 ; SU(3)/ x [SU(3) C ] 2 ; 
[SU(3)/] 2 x SU(3) C ; SU(3)/ x [SU(2) L ] 2 ; [SU(3)/] 2 x 
SU(2) L ; SU(3)/ x [U(l)y] 2 ; [SU(3)j] 2 x U(l) y ; and 
SU(3)/ x [grav] 2 . Six of these are trivially zero since 
tr[t a ] = for SU(N) gauge groups with N > 1. This 
leaves the mixed flavor symmetry/hypercharge anomaly 
[SU(3)/] 2 x U(l)y, and the [SU(3)/] 3 anomaly. The 
mixed anomaly leads to a condition on the sum of the 
hypercharges of the SM fermions that is equivalent to 
the mixed [grav] 2 x U(l)y anomaly 

[517(3) f } 2 x U{l) Y : (6Y Q + 3Y U + 3Y d + 2Y L + Y e ) = 0, 

and so automatically cancels. The [SU(3)/] 3 anomaly, 
however, does not cancel with just the SM fermion con- 
tent [H03- 

This is straightforward to see: Five types of matter (Q, 
u, d, L, e) can be assigned to either 3 or 3 representa- 
tions. Two of the five fields contribute an even number 
of 3's or 3's to the anomaly (Q : ±6; L : ±2) while the 
remaining three fields contribute an odd number of 3's 
or 3's (u : ±3, d : ±3, e : ±1). The sum of two even 
numbers and three odd numbers is an odd number, and 
so [SU(3) /] 3 anomaly a oc n.3 — rig cannot be canceled no 
matter how SM matter is assigned to SU(3)/. 

The simplest assignment of matter in 3 or 3 representa- 
tions allows ordinary Yukawa couplings. Here the Higgs 
scalar doublet is assumed to be a singlet under SU(3)/, 
since there is no need for (and various reasons that dis- 
favor) more than one Higgs doublet in the SM. Gauge 
invariance of the three Yukawa couplings of the SM im- 
plies three relations among the anomaly coefficients of 
SM matter 

QHu c =>• a(Q) + a{u c ) = (2) 
QH*d c => a(Q) + a(d c ) =0 (3) 
LH*e c =>• a(L) + a(e c ) = 0. (4) 

Without loss of generality Q can be chosen to be a 3, 
then u c and d c must both be 3's. There are two choices 
for the leptons: [L(3), e c (3)] or [L(3), e c (3)]. In either 
case, the [SU(3) /] 3 anomaly coefficient becomes 

a = 6-3 - 3± (2 - 1) = ±1 . (5) 

Notice that the anomaly associated with colored fermions 
self-cancels, but with the leptons it does not cancel re- 
gardless of assigning (L,e c ) into a (3,3) or (3,3). 

Intriguingly, the [SU(3)/] 3 anomaly is canceled by 
adding a single new field that transforms as a 3 [for 
L(3), e c (3)] or 3 [for L(3), e c (3)] under SU(3)/. To 
avoid spoiling the SM anomaly cancellation conditions 
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this field must be neutral under SM gauge symmetries. 
Hence, this anomaly-cancellation field has precisely the 
quantum numbers of a right-handed neutrino. Also, a 
Yukawa interaction connecting the left-handed with the 
right-handed neutrino, C = LHv c , is automatically al- 
lowed by SU(3) / gauge invariance regardless of the initial 
choice of (3, 3, 3) versus (3, 3, 3) for (L, e c , v c ). 

This is a remarkable result. Let me restate the assump- 
tions and the implication: Assuming (1) the explanation 
for the number of generations is a gauged SU(3) / flavor 
symmetry (2) all matter is assigned to chiral representa- 
tions (3 or 3) of SU(3)/, and (3) ordinary Yukawa cou- 
plings are SU(3)/ gauge invariant, then there must exist 
one set of right-handed neutrinos 2^1,2,3 transforming as 
a triplet of SU(3)/. 

It is important to emphasize that this flavor symmetry 
rationale for right-handed neutrinos is completely inde- 
pendent of grand unification. In fact, the simplest assign- 
ment that allows Yukawa couplings to be gauge invariant 
under SU(3) / does not commute with the usual matter 
embeddings in unified representations of GUTs. For ex- 
ample, SU(5) [as well as SO(10) and E 6 ] unifies Q and u 
into a single representation; this is inconsistent with the 
SU(3) / assignment given above. However, Yukawa cou- 
plings are notoriously over-constrained in GUTs as well 
as flavor symmetry models. SU(5) predicts the down 
and lepton Yukawas of each generation should unify, and 
SO(10) predicts up, down, and lepton Yukawas to unify. 
These predictions are badly broken at low energies, and 
not much better at the GUT scale for all but perhaps 
Af, and A T . Analogously, the simplest SU(3)/ assignment 
allows Yukawa couplings for all generations, but no gen- 
erational differences. This must come from additional 
structure related to the flavor symmetry breaking that 
has not been specified here. Nevertheless, the matter 
(and Higgs) assignments under SU(3)/ can be suitably 
modified to commute with grand unification. This was 
done in several early works on gauged SU(3)/ x SU(5) 
There they found that many more triplets (or per- 
haps larger representations) of right-handed neutrinos 
were needed to cancel the [SU(3)/] 3 anomaly. For the 
purposes of this paper, it is enough to observe that there 
must be at least one triplet of right-handed neutrinos to 
gauge SU(3)/. 

The absence of a signal for new physics in flavor- 
changing neutral current processes places an important 
constraint on the scale of SU(3) / symmetry breaking. 
The constraint arises from the tree-level exchange of fla- 
vor gauge bosons that lead to transitions between same- 
charge, different-generation quarks or leptons. Integrat- 
ing out heavy flavor gauge bosons results in a low-energy 
effective theory with new contributions to four-fermion, 
flavor-violating operators 



where gf is the SU(3) / gauge coupling and Mt is the sym- 
metry breaking scale. If the couplings are CP-conserving, 
one of the strongest constraints comes from the As = 2 
process that contributes to the Kq — A' mass difference. 
Estimates of the bound on the four-quark operator sug- 
gest M f >gjx 1600 TeV 0. The bound is significantly 
stronger if the couplings maximally violate CP. In any 
case, for a flavor gauge coupling that is of order the SM 
gauge couplings, the bound on the symmetry breaking 
scale is at least hundreds of TeV. This is reminiscent of 
the constraints on extended technicolor [l7j . 

The benefit of right-handed neutrinos transforming un- 
der a chiral representation of the flavor symmetry is 
that the Majorana mass scale is no longer arbitrary. 
The right-handed neutrino Majorana mass is generated 
through flavor symmetry breaking, analogous to SM 
fermion masses generated through electroweak symme- 
try breaking. The scale Mf is not predicted, but ob- 
viously there is no conflict between the lower bound 
Mf > 1000 TeV from flavor-changing constraints and 
the upper bound Mf < 10 14 GeV needed for a successful 
see-saw explanation of neutrino masses. If Mf were near 
the lower bound, future experiments could search for de- 
viations from (or as-yet unobserved) flavor-changing neu- 
tral current processes as a signal for SU(3)/. This would 
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nearer m 



require neutrino Yukawa couplings A„ 
value to their lepton cousins. 

How are right-handed neutrino Majorana masses gen- 
erated from flavor symmetry breaking? Consider a pair 
of complex scalar fields in the fundamental representa- 
tion £1,2(3) that acquire unaligned vacuum expectation 
values. This is sufficient to break SU(3)/ — > nothing. A 
right-handed neutrino mass arises from the dimension-4 
operator e^vlv jYf k replacing £ by its vev. Curiously, 
this two-field breaking model gives mass to just two off- 
diagonal components of the 3x3 Majorana mass matrix 
in flavor space 




(Sa> 



(7) 



(G) 



due to the anti-symmetric contraction of SU(3)/ indices. 
This may be a useful starting point for generating an 
interesting neutrino mass texture. Also, the flavor sym- 
metry could be broken in stages, such as SU(3) — > SU(2) 
— > nothing, that may be similarly useful for quark, lep- 
ton, or neutrino mass textures. 

SU(3) / is not the only rationale for three generations 
and three right-handed neutrinos. In a recent proposal 
called "universal extra dimensions" (UED) [l^, all mat- 
ter, Higgs, and gauge bosons are promoted to six dimen- 
sional fields, and the more complicated gauge and grav- 
itational anomaly structure of six dimensional theories 
is used to constrain the matter content 1!) . Ref. 3 
found that cancellation of the global gauge anomaly 20j 
required the number of generations to be n„ = mod 
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3, and cancellation of the pure gravitational anomaly re- 
quired n = n g fermionic fields uncharged under the SM 
gauge group. This is intriguingly similar to the SU(3)y 
symmetry argument, since the matter content is simi- 
larly restricted by anomaly cancellation of a larger sym- 
metry structure. Other similarities are remarkable: [l9j 
required that all matter was chiral in 6-D, analogous to 
requiring all matter to be in chiral representations of 
SU(3)/. This led to two possible chirality assignments in 
UED that are precisely analogous to the 3 versus 3 "chi- 
rality" possibilities for the SM fermions under SU(3)/. 
Specifically, the quark doublet (Q) must have the oppo- 
site chirality to the quark singlets (u, d), and the lepton 
doublet (L) must have the opposite chirality to the lep- 
ton singlets (e, v). In UED the lepton doublet could 
have the same or the opposite chirality of the quark dou- 
blet, just as here the lepton doublet could be assigned to 
the same (3) or opposite (3) representation of the quark 
doublet. Finally, the UED rationale for three generations 
and three right-handed neutrinos does not depend on the 
compactification scale, just as the SU(3) / argument does 
not depend on the flavor symmetry breaking scale. 

There are a few important differences between the six 
dimensional UED model and the SU(3) / model. The 
higher dimensional nature of UED implies there is an 
effective theory cutoff scale that is only an order of mag- 
nitude above the compactification scale; in the SU(3)/ 
model, there is no such restriction. Several gauge anoma- 
lies, such as [SU(2)l] 2 U(l)y that are automatically can- 
celed in the SU(3)/ model, are canceled in UED only via 
the Green-Schwarz mechanism with additional matter. 
Finally, the prediction of three generations is not eas- 
ily extended to a supersymmetric six-dimensional "uni- 
versal" model for a variety of reasons [19j, whereas the 
SU(3) / model can be quite simply supersymmetrized as 
will be briefly sketched below. 

Everything that has been said for the SM with a 
gauged SU(3) / flavor symmetry also applies to a straight- 
forward extension of the minimal supersymmetric stan- 
dard model (MSSM). This means promoting matter su- 
permultiplets to (anti-)fundamental representations of 
SU(3)/ while the Higgs supermultiplets remain singlets, 
in exact analogy with the non-supersymmetric case. (In 
the following discussion the same notation is used for the 
MSSM chiral superfields as for the SM fermion fields.) 
There are, however, new restrictions on the allowed op- 
erators in the supersymmetrized SU(3) / model. The 
most interesting, model-independent restriction is that 
the dimcnsion-5 operators leading to proton decay 

QQQL u c u c d c e c 
Mpi Mpi ^ ' 

are forbidden by SU(3)/. Technically the second opera- 
tor in Eq. ijHJ could be made gauge-invariant if u c were 
assigned the conjugate representation to that of d c and 
e c , but this does not happen for the SU(3)/ model nor 



for the embeddings of matter into SU(5) or SO(10) repre- 
sentations. These operators can be made gauge-invariant 
by adding a pair of SU(3) / breaking superfields S(3) and 
E(3), whereby Eq. (JSJ becomes 

QQQLY, u c u c d c e c Y, 

JU P1 JW P1 

Below the SU(3) / symmetry breaking scale, these 
dimension-6 operators map onto the dimension-5 oper- 
ators above with tiny coefficients of order (£) /Mpj. This 
is sufficient to cure the fast proton decay problem that 
results from the ordinarily unsuppressed dimension-5 op- 
erators. 

A supersymmetrized version of the SU(3) / model has 
even more interesting constraints. All dimension < 4 lep- 
ton number violating superpotential terms QLd c , LLe c , 
and LH U are forbidden by SU(3)/. Again, higher di- 
mension operators with SU(3)/ breaking fields will rein- 
troduce these terms, but (for the first two) this leads to 
significant suppression. If the flavor symmetry were pro- 
moted to U(3)/, the dimension-4 baryon number violat- 
ing term u c d c d c would also be forbidden. An exact flavor 
symmetry could serve in precisely the same role as matter 
parity on superfields (i?-parity on fields). Of course the 
flavor symmetry is broken, and this reintroduces these 
so-called i?-parity violating operators. It would be inter- 
esting to see if i?-parity could be discarded in favor of 
a spontaneously broken U(3) / flavor symmetry without 
sacrificing a long-lived proton. 

In summary, an extension of the Standard Model with 
an SU(3)/ gauged flavor symmetry is presented that ex- 
plains why there are three generations of matter and 
predicts the existence of three right-handed neutrinos. 
This argument is independent of grand unification or ex- 
tra universal dimensions. The right-handed Majorana 
mass scale results from spontaneous SU(3)/ symmetry 
breaking. If the breaking scale is "low" , less than of or- 
der 1000 TeV, deviations in flavor changing neutral cur- 
rent processes are expected due to tree-level flavor gauge 
boson exchange. It should be emphasized that such a 
Majorana mass scale is completely consistent with the 
see-saw explanation for neutrino mass generation so long 
as the Dirac masses of the neutrinos are less than but 
of order the muon mass. This is a perfectly reasonable 
possibility given that SU(3) / has freed us from thinking- 
only in terms of grand unification. The supersymmet- 
ric extension including a gauged SU(3)/ is straightfor- 
ward. The fast proton decay problem from dimension-5 
Planck-suppressed operators is automatically cured, and 
certain i?-parity violating couplings are naturally sup- 
pressed. Combining the SU(3) / gauged flavor symmetry 
with models that attempt to explain the structure of the 
quark, lepton, or neutrino mass matrices is an extremely 
interesting direction left for future work. 
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V. Barger, A. Nelson, Y. Nir, G. Shiu, and L.-T. Wang. I 
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